Ethylenediamine-soluble glycoproteins were extracted from isolated Microsporum gypseum hyphal walls during sporulation and from spore coats before and after germination. This study was carried out to identify a sporulationspecific cell wall protein that possibly served as a substrate for the alkaline protease which initiated the macroconidial germination of this fungus. Analyses revealed that water-insoluble glycoprotein accounted for 10% of the ungerminated spore coat but only for 4 to 5% of the mycelial wall dry weight. This fraction was modified in its amino acid composition during sporulation, and it decreased in protein content during spore germination. Water-soluble glycoprotein, which accounted for approximately 3 to 3.5% of either the spore coat or mycelial wall dry weight, was of similar amino acid composition from both sources and did not decrease in protein content upon spore germination. The water-insoluble glycoprotein was found to be rich in leucine, aspartic acid, glycine, glutamic acid, and phenylalanine residues. The water-soluble glycoprotein was rich in proline, threonine, glycine, serine, glutamnic acid, and alanine.
Fungal spore coat proteins have been reported to be present as discrete surface layers (6) , as enzymes associated with the spore coat (1) , as easily removed proteins in the form of discrete intemal protein layers, and as glycoproteins (8) . Glycoproteins have been reported to be present in Neurospora crassa cell walls as thick fibrils that were laid down subapically and which possibly provide elastic strength to the hyphae (8) . In nutrient exhaustion, glycoprotein and glucan fibrils extend over the hyphal apex, causing cell wall rigidification and cessation of hyphal growth (8, 20) .
As previously shown, sporulation in M. gypseum appeared to result from cessation of aerial apical tip elongation with briefly continued cell expansion and septation (19) . M. gypseum macroconidial germination is initiated by an alkaline protease (11, 17) that is initially present in the mature spore coat and possibly released via lysosomal vesicles upon spore hydration (18) .
These previous observations implicated protein or glycoprotein polymers as important cell wall components in M. gypseum sporulation and spore germination. As glycoproteins ac- ' Present address: Department of Microbiology and Public Health, Michigan State University, East Lansing, Mich.
48823.
count for a large proportion of the fungal cell wall (9) and contain linkages cleaved in bacterial spore germination (22, 23) , the involvement of these polymers in M. gypseum conidia formation and germination was examined. The susceptibility of these polymers to germination protease hydrolysis also is discussed.
(This work was presented in part by W.J.P. at the 15th Annual Meeting of the Canadian Federation of Biological Societies, Laval University, Quebec, Canada, June 1972.) MATERIALS AND METHODS Organisms. The origin, growth, and sporulation characteristics of M. gypseum strain R87 have been described previously (10) . A pleomorphic strain (R87P1), derived as a spontaneous mutant of the wild-type strain R87 and also used in this study, was free from microconidia and macroconidia during the conditions of the normal wild-type sporulation cycle (19) .
Culture growth and harvesting. Growth in liquid cultures has been described previously (17, 18) . Sporulating cultures were grown in Roux flasks on an agar medium composed of: glucose, 1% (wt/vol); neopeptone (Difco), 1% (wt/vol); and agar, 2% (wt/vol). At specified time intervals, the aerial sporulating hyphae were scraped off the agar surface with a bent glass rod.
determinations. Cell-free extracts were prepared by breaking mycelia or spores by the modified liquid nitrogen method of Bleyman and Woese (3). Cell debris was removed by centrifugation at 10,000 x g for 10 min at 4 C. Extracts for enzyme determinations were buffered in 0.05 M sodium barbital (Veronal) buffer, pH 8.0. Alkaline protease activity was measured as described previously (18) , using 1% casein in 0.05 M Veronal buffer, pH 9.0. Peptides released by alkaline protease action were estimated by the method of Lowry et al. (13) . Alkaline protease partial purification also has been described previously (11) .
Cell wall preparation. Pellets from the cell-free extract preparation were broken further by repeated freeze-thawings and grinding in a mortar with a pestle in the presence of liquid nitrogen. Fine Glycoproteins were extracted by the method of Korne and Northcote (9) . Routinely, each 100 mg of spore or mycelial material was extracted with 50 ml of ethylenediamine for 3 days at 37 C in a shaking water bath. The material was sedimented at 600 x g for 5 min, and the pellet was washed with ethylenediamine and then methanol and dried in vacuo over calcium chloride at 25 C. The pooled ethylenediamine washings were concentrated by flash evaporation (30 C) to approximately 5 ml and precipitated by dropwise addition to 200 ml of methanol. The resultant precipitate was suspended in 10 ml of water and dialyzed against water for 12 h at 4 C. The contents of the dialysis sac were then centrifuged at 10,000 x g for 10 min at 4 C. The sediment was washed with water, pelleted, and lyophilized (water-insoluble fraction). The aqueous supernatant liquid and washings were pooled and lyophilized (water-soluble fraction). Lyophilization was found to be superior to in vacuo desiccation at 25 C for dehydration of the final product, since the latter method produced a sample that was more difficult to resuspend for subsequent analysis.
Gel electrophoresis and staining. Electrophoresis was carried out with 5% polyacrylamide gels polymerized as suggested for the Canalco (Rockville, Md.) model 6 system. The gel and electrophoresis buffer was 0.05 M sodium borate containing 8 M urea (pH 9.5), as recommended by Kome and Northcote (9) . The gel columns measured 0.5 by 6.0 cm and were run at 3 mA per gel for 90 min at 25 C.
Samples were suspended in 10 M urea prior to electrophoresis. The water-insoluble glycoprotein was rendered more soluble by heating in a boiling-water bath for 5 to 7 min.
Carbohydrate was detected in the gels by a modified periodic acid-Schiff stain (PAS). The best PAS staining was obtained when 100 gg of anthrone-positive material (15) was applied per gel. After electrophoresis, gels were fixed in 5% trichloroacetic acid for 2 min and then oxidized in 7% acetic acid-70% ethanol-1% periodate (wt/vol/vol) for 1 h (4, 5).
The gel was washed in water to remove the excess periodate and then stained with Schiff reagent for 10 min. The Schiff reagent was prepared by a combination of methods recommended by the Schleicher and Schuell Co. (Keene, N.H.) and Culling (4), whereby 2 g of basic fuchsin was dissolved in 400 ml of boiling, distilled water and cooled to 50 C, and 10 ml of 2 N HCl was added. The dye then was cooled to 25 C and 4 g sodium metabisulfite was added. This mixture was left for 18 h at 4 C and then was clarified with activated charcoal and filtration. The clear dye was stable for several months if stored in the dark at 4 C. The dyed gels were decolorized with 0.5% sodium metabisulfite for 1 to 3 days (metabisulfite was changed and prepared fresh daily). 
RESULTS
Cell wall fractionation. When purified germination protease was incubated with either isolated strain R87 spore coats, strain R87 hyphal walls, or strain R87P1 hyphal walls, peptides were released from the spore coat material to a greater degree than from either of the hyphal samples (Table 1) . This suggested that, although all the isolates contained protease-susceptible proteins, the spore coats possibly contained more abundant germination protease-specific linkages than the hyphal samples. It has been reported previously that protein accounted for 10.6% of strain R87 vegetative hyphal cell wall dry weight and 12.9% of strain R,87 mature spore coat dry weight (11) . Of this, 49% of the vegetative hyphal wall protein, 57% of the immature (5 days old) spore coat protein, and 62.8% of the mature (7 days old) spore coat protein were soluble in ethylenediamine. The ethylenedia mine-soluble glycoproteins were divided into water-soluble and water-insoluble glycoproteins. Both fractions electrophoresed as single bands and moved at a constant velocity during electrophoresis for 60 to 150 min at 3 mA/gel. The single electrophoretic band showed congruence of the PAS-staining and Coomassie blue-staining bands (Fig. 1) .
Glycoprotein composition fluctuations with sporulation activity. The water-soluble and water-insoluble glycoproteins present in the walls of strain R87 and strain R87PI remained relatively constant as a percentage of dry weight throughout vegetative growth. The values reported in Table 2 represent the average value of these glycoproteins, as a percentage of dry weight, when extracted from 4-to 7-day-old hyphae. The water-soluble glycoprotein content of mature spores was comparable to that of vegetative hyphae. The water-insoluble glycoprotein, however, accounted for a much greater percentage of the spore coat dry weight than the hyphal wall dry weight (Table 2 ). This glyco- protein also increased as a percentage of dry weight during strain R87 sporulation and reached a maximum at 7 days when mature spores were formed, whereas the water-soluble glycoprotein remained at a constant percentage throughout the sporulation cycle.
Analysis of the glycoprotein-protein and glycoprotein-hexose content of the water-insoluble glycoproteins extracted at different time intervals during sporulation showed that the protein/hexose ratio of this fraction increased from 5.5 days to 6 days (spore initiation) ( Table 3) . The water-insoluble glycoproteins from more mature spores (6.5 to 7 days) contained more hexose and relatively less protein. The waterinsoluble glycoproteins isolated from asporogenous strain R87P1 hyphae showed essentially constant and low protein-to-hexose ratios. The ratio of protein to hexose was very high in mature spores (3.8) as compared to asporogenous hyphae (1.0). When mature spores were germinated (6 h), the relative protein content of the water-insoluble glycoprotein decreased dramatically (Table 3) .
Analysis of the water-soluble glycoprotein hexose and protein content showed little change in the relative protein ratio during sporulation (Table 3) . Similarly, this fraction had a constant ratio of protein to hexose during the vegetative growth of the asporogenous strain. Also, the relative protein content of this fraction decreased very slightly during spore germination. These results suggested that the watersoluble glycoprotein was not involved directly with sporulation.
Comparison of glycoprotein amino acid compositons. The amino acid compositions of the water-soluble glycoprotein fractions from both strain R87 spores and pleomorphic strain mycelia were quite similar (Table 4) . This fraction was notably rich in proline, which accounted for 16 or 19.8% of the total amino acids, and also in threonine, glycine, glutamic acid, and serine. The water-soluble fraction was low in tyrosine, isoleucine, phenylalanine, arginine, methionine, and half-cystine.
The water-insoluble glycoprotein appeared quite dissimilar from the water-soluble glycoprotein, being rich in leucine rather than in proline (Table 4 ). The water-insoluble fraction from strain R87 spores appeared similar to that from the pleomorphic strain's mycelia, except that the spore fraction contained increased aspartic acid, methionine, and glutamic acid, greatly decreased lysine, leucine, glucosamine, and almost no histidine and arginine. The spore fraction also contained the only detectable amounts of half-cystine. Amino sugars were present in all the glycoprotein fractions examined. The pleomorphic strain mycelial water-soluble fraction contained the only measurable quantity of galactosamine (Table 4 ). The spore fractions consistently contained less glucosamine than did the mycelial fractions, and the water-insoluble glycoproteins from both sources contained more glucosamine than their respective water-soluble glycoproteins.
DISCUSSION
The results of this investigation suggested that the ethylenediamine-soluble, water-insoluble glycoprotein fraction was a major constituent of the spore coat and that this fraction's protein/hexose ratio increased specifically during sporulation. During spore maturation (6.5 to 7 days), there was a decrease in this ratio, possibly due to increased hexose (glucan) synthesis. Despite this decrease in protein/hexose ratio during spore maturation, the total glycoprotein-protein content of the mature spores was greater than either the immature spores or the mycelia. The decrease in water-insoluble glycoprotein-protein during spore germination further implicated this spore coat fraction as a germination protease-specific substrate.
The water-insoluble glycoprotein was notably rich in leucine, which accounted for 16 to 24% of the total amino acid composition. The waterinsoluble glycoprotein from spores was notably low in basic amino acids and had an increased content of acidic amino acids. The water-insoluble glycoprotein also contained considerable quantities of aromatic amino acids, which could make this fraction susceptible to alkaline germination protease attack in vivo (12) . The amino acid analysis of the glycoprotein fractions revealed that the ethylenediaminesoluble, water-soluble glycoproteins from both strain R87 spores and R87P1 vegetative hyphae were of similar composition, suggesting that, if the water-soluble glycoprotein of the spores was derived from its mycelial counterpart, it had undergone very little compositional transformation during sporulation. This glycoprotein also was notably rich in proline, accounting for 16 to 20% of the total amino acid content. Also, the results suggested that the water-soluble glycoprotein fraction neither increased as a percentage of dry weight nor increased in relative protein content during sporulation. This fraction did not decrease in relative protein content upon spore germination, suggesting that this fraction was not directly involved with either sporulation or spore germination. The presence of measurable quantities of galactosamine in this fraction, however, may implicate this glycoprotein in the observed immunological properties of Microsporum sp. and other dermatophytes (7) .
Although intact spore coats served as a good protease substrate in vitro, the use of isolated spore coat glycoproteins as in vitro protease substrates has not provided clear-cut results (unpublished data). Since the glycoproteins, in this investigation, were extracted through mild alkaline hydrolysis of the ester links between the glycoprotein-protein and cell wall glucans (16) , some changes in the glycoprotein structure undoubtedly have resulted. The glycoproteins in situ, however, probably have a very specific conformation imposed through association with other spore coat constituents, and this conformation is probably required for optimal germination protease hydrolytic activity. Also, the water insolubility of the suspect sporulationspecific glycoprotein makes the suitability of this fraction as a protease substrate difficult to assess in the conventional protease assay system (14) . Other methods of assessing protease activity on these substrates are presently under investigation.
